The thermodynamic property of B in molten Si, which is of importance for optimizing or designing the B removal process from Si, was determined as the following equation by equilibrating molten Si with Si 3 N 4 and BN at 1693 and 1773 K. 
Introduction
The production amount of solar cell, especially that of polycrystalline Si(poly-Si) type, increases significantly in response to a growing demand for clean energy. As the amount of expensive off grade Si for semiconductor (SEGSi), a primary resource of poly-Si solar cells, is limited, solar grade Si (SOG-Si) would be short of supply with increasing demand for solar cell in the near future. For the sake of its cost reduction and the development in productivity, a new metallurgical refining process of SOG-Si using metallurgical grade Si (MG-Si) as a starting material has been developed in Japan. 1) However, the development of much lower cost refining process is required for spreading Si solar cells.
In the metallurgical Si refining, the promotion of efficiency in B removal is one of the crucial matter because of its difficulty from the low vapor pressure and the large segregation coefficient 2) in Si. In the above-mentioned developed process, B is individually removed by the oxidizing plasma treatment with Ar/H 2 O operating gas. The treatment takes a large part of operation time and the electrical cost in the process, and the mechanism for B removal is not clarified sufficiently. For optimization or design of the B removal from Si, the thermodynamic property of B in molten Si must be known. The present authors 3) and other researchers 4, 5) investigate that property, but that is not enough from the aspect of temperature dependence or accuracy.
On the other hand, the present authors are trying to develop the Si refining process with Si-Al melt at low temperature, [6] [7] [8] [9] where behavior, namely the precipitated phase, of concentrated B in Si-Al melt should be known for considering the removal of that phase by acid leaching. For the SiAl-B system, however, the phase diagram has been investigated by calculation phase diagram 10) and not clarified sufficiently.
In the present work, the thermodynamic property of B, secondary of N in molten Si was determined by equilibrating molten Si with Si 3 N 4 and BN at 1693 and 1773 K. Also the phase relations in the Si-Al-B system were investigated at 1373-1573 K.
Experimental

Thermodynamic property of B in molten Si
A SiC electric resistance furnace connected to a PID controller with a Pt/6%Rh-Pt/30%Rh thermocouple was used for all experiments in the present work. Two grams of Si block (12N) with a h-BN piece was charged in a Si 3 N 4 crucible which was placed in a porous alumina holder, and was equilibrated at 1693 and 1773 K in an N 2 -10%H 2 atmosphere. Moisture and CO 2 in the gas were removed by passing it through magnesium perchlorate and soda-lime. The atmosphere must be well controlled to hold N 2 partial pressure higher than the dissociation N 2 pressure for Si 3 N 4 , which is obtained as 1:37 Â 10 À3 atm at 1693 K and 3:98 Â 10 À3 atm at 1773 K under the condition of Si activity as unity with the standard free energy of Si 3 N 4 formation 11) expressed by eq. (1), for preventing the decomposition of Si 3 N 4 . Also, the oxygen potential must be kept at low levels because it may disturb the Si-Si 3 N 4 equilibrium as reported by Narushima et al. 12) Since the Si-Si 3 N 4 equilibrium was confirmed to be attained for 6 h in the preliminary experiment, the experimental time was set more than 6 h.
11Þ
The B content of Si was analyzed by the inductively coupled plasma (ICP) emission spectrometry and the N content by a *LECO analyzer, using Fe shots accelerator (*LECO is a trademark of Leco Corporation, St. Joseph, MI.).
Phase relations in the Si-Al-B system
One gram of pre-melted Si-Al alloy together with 0.05 g of B lump (2N) was inserted in a BN coated dense graphite crucible or an alumina crucible, and held at 1373-1573 K for 16 h in an Ar atmosphere. Si-Al alloy was prepared by melting weighed Al block (4N) and Si block (12N) in the induction furnace under the Ar-20%H 2 atmosphere at 1573 K. Moisture, CO 2 and oxygen in an Ar gas were removed by passing it through magnesium perchlorate, sodalime, magnesium turnings heated at 823 K. Boron content of Si-Al alloy was measured by ICP emmision spectrometry and the composition of boride was determined with electron probe microanalysis (EPMA).
Results and Discussion
Thermodynamic property of B in molten Si
Experimental results for the compositions of molten Si equilibrated with Si 3 N 4 and with Si 3 N 4 and BN at 1693 and 1773 K are summarized in Table 1 . The standard Gibbs energy change for N 2 dissolution in molten Si is determined from the result of the Si-Si 3 N 4 equilibrium, and the thermodynamic property of B in molten Si from the results of the Si-Si 3 N 4 -BN equilibrium as follows. 3.1.1 Standard Gibbs energy change for N 2 dissolution in molten Si The standard Gibbs energy change for N 2 dissolution in molten Si is evaluated from the N content of molten Si under the Si-Si 3 N 4 equilibrium. The N 2 partial pressure in that equilibrium can be obtained from the standard Gibbs energy change for Si 3 N 4 formation expressed as eq. (2).
where a Si(l) is the activity of Si relative to the pure liquid state and considered to obey Raoult's law, a Si 3 N 4 (s) is the activity of Si 3 N 4 which should be unity because of its pure solid state. X i denotes the mole fraction of component i. The Gibbs energy change for N 2 dissolution represented as eq. (3) in molten Si is obtained from eq. (4).
Here, the Henrian standard state of 1 mass% basis, h N , is taken for the activity of N in molten Si. There are several reports on the standard Gibbs energy change for the N 2 dissolution in molten Si, [3] [4] [5] 12) and those are shown in Fig. 1 , compared with that of the present work. The result of the present work agrees well with our previous work 3) and fairly well with those of Tanahashi et al., 5) but shows large discrepancies with that of Narushima et al. 12) and Noguchi et al.
4) Narushima et al. investigated in a similar method with the present work, and the difference may be caused from the significant scattering of their data. Noguchi et al. evaluated by measuring the N solubilities of molten Si equilibrated with BN under a controlled N 2 partial pressure, but Si 3 N 4 could have precipitated in their experimental condition of the N 2 partial pressure and the liquid-gas equilibrium might not be attained. Tanahashi et al. determined from the Si-Si 3 N 4 equilibrium in a MgO crucible, where Mg dissolution in molten Si from the crucible was not mentioned. Kume et al. 13) reported the Mg solubility in molten Si equilibrated with the MgO-Mg 2 SiO 4 doubly saturated CaO-SiO 2 -MgO slag as 1.43 mass% at 1823 K in their work for determining the thermodynamic properties of that slag. In the experimental condition of Tanahashi et al., the Si-MgO equilibrium was not supposed to be attained due to Mg evaporation Narushima et al. 13) Noguchi et al. 4) Tanahashi et al. in the open system, but some Mg dissolution is expected and might bring the Mg-N interaction. Accordingly, the standard Gibbs energy change for N 2 dissolution in molten Si was determined as eq. (5) 
In prior to the determination of the thermodynamic property of B in molten Si, the evaluation of the interaction parameter between B and N in molten Si is employed. The standard Gibbs energy change for Si 3 N 4 formation reaction represented by eq. (6) at Henrian standard state of molar basis in molten Si for N is expressed as eq. (7).
Applying the first order interaction parameters to the activity coefficient of N in eq. (7), the relationship of eq. (8) is obtained.
Here, the self-interaction term of N is negligible because of its small content of molten Si and the activity of Si is considered to obey Raoult's law. The relationship of eq. (9) is obtained from eq. (8) , where the slope of the linear relationship gives the interaction parameter between B and N in molten Si, taking the right hand side as ordinate and the B content as abscissa.
ÁG
The relationship between the right hand side of eq. (9) ) , respectively. However, the validity for the obtained interaction parameter is insufficient due to the experimental errors in the N measurements, therefore the reciprocal relation to the temperature, A=T was adopted to that interaction parameter for diminishing the each error and it was roughly approximated as eq. (10).
Thermodynamic property of B in molten Si is evaluated from the exchange reaction between Si 3 N 4 and BN represented by eq. (11). The standard Gibbs energy change for this reaction is expressed as eq. (12).
ÁG ¼ À82;800 þ 5:82T ðJ/molÞ
Applying the first order interaction parameters to the activity coefficient of B in eq. (12) and neglecting the self-interaction term of B due to its small content of Si, the relationship of eq. (13) is obtained. ÁG
The determined activity coefficient of B in molten Si is shown in Fig. 3 Noguchi et al. 4) Tanahashi et al. described in the section (A). Accordingly, the activity coefficient of B in molten Si is determined as eq. (14) based on the present and our previous results and the reevaluated data of Noguchi et al. The activity of B in molten Si is found to exhibit a large positive deviation from Raoult's law.
Phase relations in the Si-Al-B system
Experimental results for the boride saturated liquidus compositions of the Si-Al-B system at 1373-1573 K are shown in Fig. 4 . Open marks demonstrate doubly saturation with solid Si and boride. Increase in Si content of Si-Al melt brings decrease in B content. In the EMPA measurement of the borides in equilibrium with Si-Al melt, the B-K intensities in borides did not differ much with that in pure AlB 12 , whereas Si dissolution was observed. Hence, in order to identify that boride, pellets prepared by powder pressing of Si-Al-B mixtures of which compositions are shown in Fig. 5(b) were held at 1573 K for 48 h and subjected to X-ray diffraction analysis. XRD patterns for each sample shown in Fig. 5(a) indicate the compound coexisting with Si-Al melt as AlB 12 solid solution regardless of the difference in peak intensities ratios. Therefore AlB 12 solid solution was taken as (Al 1Àx Si x )B 12 deducing that Si substitutes Al site in the solid solution with the knowledge for no significant difference in B-K intensities. Determined substitution fractions are summarized in Fig. 6 , where the maximum substitution fraction of 0.23 is obtained in the solid solution equilibrated with Si saturated Si-Al melt at 1573 K. Lamikhov et al. 14) reported the ternary compound, Al 3 SiB 48 , in the Al-Si-B system, which is very close to this solid solution compound of Al 0:77 Si 0:23 B 12 . Phase relations of the Si-Al-B system at 1573 K is shown in Fig. 7 , where equilibrated boride with SiAl melt is not SiB 6 reported by Lukas et al. 10) but AlB 12 solid 
Here, the excess Gibbs energy of Si-Al-B melt for mixing is treated as eq. (18) by applying the Redlich-Kister type regular solution model.
The result of Murray and McAlister 16) was used for the thermodynamic properties of the Si-Al system, whereas thermodynamic propereties of B in molten Al determined in our previous work 15) and B in molten Si determined in the section 3.2 (B) were used for the Al-B and Si-B systems by applying the quasi-regular solution behavior expressed as eqs. (19) and (20) in Al-rich portion of the Al-B system and Si-rich portion of the Si-B system, respectively. The used thermodynamic data sets were summarized in Table 2 .
RT ln 2 
¼ ð20Þ
Activity coefficients of Al and B in Si-Al-B melt is obtained as eqs. (21) and (22), respectively from the the excess Gibbs energy as expressed by eq. (18).
Substituting the activity coefficient of Al and B in Si-Al-B melt to eq. (17), the activity coefficient of 1/13AlB 12 in (1/13AlB 12 -1/13SiB 12 ) solid solution is derived and its activity is shown in Fig. 8 . The activity reveals a negative deviation from Raoult's law. Also, the activity coefficient is shown in Fig. 9 against ð1 À X 1/13AlB 12 Þ 2 . Taking the scattering into account, we determined the regular solution parameter as À64;600 by applying the regular solution behavior in the solid solution. Accordingly, it is clarified that substitution of Al sites by Si atoms significantly stabilize the solid solution.
Conclusions
(1) The equilibrium between molten Si and Si 3 N 4 was investigated at 1693 and 1773 K, and the standard Gibbs energy change for N dissolution into molten Si was determined as follows. 
